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SUMMARY

Inssmuch as transonic rotor operation need not necessarlily be re-
stricted to the inlet stage, an investigation was conducted to determine
the performence characterilstics of a transonlic stage designed to produce
transonic Inlet Mach numbers reletive to & succeeding stage. The ex-
perimental stage was composed of the origlnael transonic rotor reported
previously in earlier phases of this investigation and a set of high-
turning stator blades. The compounding of transonic stages requires
turning of the air back to approximately the axial direction by the
stator row. To achieve axial discharge flow, the necessary stator-blade
turning for thls investigation was spproximastely 40°. Blade-element
performance for rotor and stator is presented over a range of tip speed
from 600 to 1100 feet per second. Blede-element performance parameters
shown as verletions with incidence angle are loss coefficient, deviation
angle, inlet Mach number, work coefficient, diffusion factor, efficiency,
end axiel~velocity retlo. Mass-averaged rotor and stege performance are
also included.

Results of the tests showed that if stator blades are set at the
minimum-loss incidence angle and if the stator diffusion factor is main-
tained at moderate values, highly cambered stators can be designed with
practically no sacrifice in stage efficiency et the rotor deslgn point
compared with conventionel low-turning stators. Analysls of the rotor
performance et the overspeed condition of 1100 feet per second indicated
thet shock losses in the tip region of the rotor at peak efficiency do
not appear to be significant at a relative inlet Mach number of 1.15.

INTRODUCTION

Results of recent investigations (refs. 1 to 4) have shown that
exial-flow compressor rotors and stages of high efficiency, high pressure
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ratio, and high specific mass flow can be obtained by designing for
operation in the transonic region of rotor relative inlet Mach number
(approximately 1.1 at rotor tip). References 1 and 2 in particular have
presented the performance of an inlet stage with a transonic rotor and
conventional subsonic stators. The stators in this design had a com-
paratively low camber angle and produced inlet Mach numbers of con-
ventional magnitudes (up to epproximately 0.75) relative to a succeeding
rotor row. The good performence obtained from this stage indiceted the
feasibility of matching e transonic Inlet stage with stages of conven-
tional design for multistage application.

In view of the initial success of the transonic inlet stage, 1t was
. speculated that transonic operatlon need not necessarily he restricted
to the inlet stage of a multistage unlt. Further increases in average
stage pressure ratioc might be obteined without sacrifice of efficiency
if several of the early stages of a multistage compressor were designed
for higher than conventionsl levels of relative inlet Mach number.

Thus, a design might involve a gradual transition from the transonic
inlet Mach numbers of the inlet stage to the lower Mach number levels

of the later stages.

In order to maintain high relative inlet Mach numbers in succeedlng
rotor rows without markedly increasling the axial velocity across the
stage, it is necessary to reduce the amount of sbsolute rotation (stator-
outlet tangential velocity) at the entrance to these rotors. For high-
pressure-ratio rotors 1in particular, this considerstion would require
stators with considerably greater masgnitude of turning engle than cur-
rently used. It was thought desirsble, therefore, to conduct a further
investigation of the original transoniec rotor of reference 1 with a set
of high-turning stators designed to return the ocutlet air to the axial
direction. For this rotor a stator turning angle of epproximstely 40°
would be required at design speed. The performance characteristics of a
transonic inlet stage designed specifically for operation with succeeding
stages of high Mach nmumber level could thus be obtained.

The modified transonic inlet stage with highly turned axlael-discharge

stators was installed and investigated in a varisble-component test rig
as in reference 1. The stage and blede-~element performsnce were deter-
mined at several tip speeds from 60 to 110 percent of design speed and
are presented herein.

SYMBOLS

Figure 1 is an illustration of air and blade angles employed In this
report. The following symbols are used:

Agp compressor frontal ares based on rotor tip diameter, 1.646 sq ft

cp specific heat of air at constant pressure, Btu/(1b) (°R)
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specific heat of air at constant volume, Btu/(1b)(°R)
diffusion factor

acceleration due to gravity, 32.17 ft/sec?

total enthalpy, c,gJT, sq ft/sec2

incidence angle, angle hetween inlet-relative-gir-veloclty vector
and direction of tangent to blade mean line at leading edge, deg

mechanical equivalent of heat, 778 f£t-1b/Btu
wall boundary-layer blockage factor

gbsolute Mach number

relative Mach number

gbsolute total pressure, lb/sq 't

reletive total pressure, 1b/sq ft

static pressure, 1b/sq £t

radius measured from axis of rotation, in.
absolute total tempersture, °R

static temperature, °R

blade speed, ft/sec

sbsolute velocity of air, ft/sec

velocity of air relative to blade row, £t/sec
weight flow of air, 1b/sec

absolute air-flow angle measured from axis of rotation, deg

alr-flow angle relative to blade row measured from axis of rota-
tion, deg

ratio of specific heats for air, cP/cV, 1.3947

direction of tangent to blade mean camber line at leading or trail-
ing edge, deg

symbol used to Indicate change in quantity

‘B
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ta] ratio of inlet totel pressure to NACA standard total pressure,
P/2117

5° deviation angle, angle between outlet-relative-air-velocity vector
end direction of tangent to blade mean-line engle at trailing
edge, deg

1 adisbatic temperature-rise efflciency

2] ratio of ¢compressor-inlet total temperature to NACA standard tem-
perature, Tl/518 6

e° alr turning angle, change in relative flow angle from inlet to
outlet of blade row, deg

o static density of air, lb/cu ft

c solidity, ratio of blade chord to blade spacing

¢ rotor-inlet Plow coefficient at mean radius, Vz’3/U5

®  relative total-pressure-loss coefficient

Subscripts:

av  average

b blade element

£ free stream

h hub

id ideal

m mean radius l .

rotor

S stator

st standard

t tip

z axial direction

e tangentlal direction
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0 total or stagnation conditions

1 depression tank

2 weight-flow measuring staetion upstream of rotor
3 rotor inlet

4 rotor ocutlet (stator inlet)

S stator outlet

6 compressor outlet (discharge measuring statilon)

APPARATUS AND PROCEDURE
Compressor Design

The transonic compressor rotor used in the lnvestigetion was the
same as the rotor described in references 1 and 2. The stators were
designed to turn the flow from the measured direction at the rotor out-
let to approximately an axial direction at the stator outlet with an
average outlet axial velocity of 680 feet per second. The corresponding
relative inlet Mach number near the tip of a succeeding rotor would then
be approximately 1.0.

The double circular-arc profile was chosen for the stator blade
since references 1 and 5 indicated good performence for this type of
blade shape. Consideration of the radial variation of stator-inlet angle
and solidity revealed that, in the interests of rapld design and con-
struction, a blade of constant section could be used. The stators were
designed for a constant inlet angle of 45° at design speed and an in-
cldence angle of 49, as indicated by the results of reference 5 (the de~
talled stator enelysis of ref. 2 was not avallable at the time of the
design). The design equation for camber angle was obtained from a sur-
vey of limited compressor date which suggested the empirical relstion
of turning angle and camber angle

89 = 0.89 + 0.81 (1)

With these values, double circular-arc stator blsdes (circular-arc suc-
tion and pressure surfaces) were designed with the following properties
constant at all radii; '
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Camber angle, A€ « « « o « « o o s = » s o « o s s o o s o s o« o« « « 52
Mean~-line chord, In. . « ¢ o ¢ o o o s « 2 o o s o o =« « o« « =« « » 3.20 -
Maximum thickneas . + ¢« ¢« ¢ « o' ¢ « & e« « o s« o« o 0.07 % chord length
Leading-edge and tralling-edge radii, in. e e e e s = e e« a e« . 0,020

At the time of installatlon it was decided that a more desirable
match point would be obtained 1f the stator blades were set for en inlet
angle of 40°. It was subsequently decided to set the blades at the
incidence angle of 4° indicated in reference 5 and to accept the over-
turning due to the excessive camber angle for this condition.

3200

For comparative purposes, 1t was deslrable to keep the design stator
diffusion factors (ref. 6) at approximstely the same levels as in the
low-cember design of reference 2. 1In order to compensate for the in-
creagsed diffusion due to the larger change in Vg, the anmilus area

across the stators was reduced in order to increase the axial component
of velocity to & value of 680 féeet per second (equel to the design value
of axial velocity at the rotor inlet).

Each suction and pressure surface of all blade-profile sections was
a circular arc passing through the maximum-thickness point located at the
50-percent-chord position and tangent ta 0.020-inch-radius circles whose -
centers are placed at the end points of the mean camber line. Rotor-
eand stator-blade profiles at the hub and tip are shown in figure 2.

Compressor Installation

The compressor installation 1s the same as the one described in
reference 2 except that a wood failring was placed around the hub section
to obtain the desired decrease in snnulus area across the stator row.

The fairing had a smoothly curved surface from a radius of 5.30 inches
approximately 1 inch ahead of the stator-blade leading edge to a constant
radius of 5.95 inches at the stator-blade tralling edge. A sketch of the
transonic-compressor test rig is shown in figure 3.

Instrumentation

Outlet condltlions used for. computing stage over-all performance were
determined at statlion 6 (3 in. downstream of the stator-blade tralling
edge) from 15 individuel total-pressure (kiel) probes end 15 iron-
constantan thermocouples (three rakes with five thermocouples on each
rake similar to the one shown in fig. 4). The totel-pressure probes and
total-temperature rakes were so orlented that measurements were obtalned
radially at the centers of five equal areas and circumferentislly at .
three equally spaced positions ascross the stator passage.
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A complete description of the survey instruments, theilr use, cali-~
bration, and location, 1s given in reference 2 with the followlng minor
exception: At station 5, instead of measuring total pressure by means
of fixed weke rakes, a complete radial survey with a 35~-tube cilrcum-
ferential wake rske was used to determine the total-pressure field.
Twenty-nine of the tubes were spaced 0.050 inch apart in order to obtain
an accurate definition of the blade wake. A photograph of the weke rake
installed behind the stator blade is shown in figure 5, and photographs
of the other probes and instruments used are shown in figure 4.

For surveying purposes, the passage was divided radially into six
equal parts. Discounting the inner and outer wsll boundarles resulted
in five major radiael survey positions, &l11 outside the boundary-layer
regions, at which blade-element performence is presented. Several radial
survey stations within the wall boundary-layer reglons at the hub end tip
were also included for integration purposes. Total-pressure and angle
measurements were observed at all survey positions, whereas statlc pres-
sures were observed at the five major survey positions only. At sta-
tions 4 and 5, respectively, total temperatures were obtained from faired
radial veriations of total temperature measured by a single six-tip rake
(fig. 4) and from the five-tip rakes located at station 6. No temperature
probes were installed at station 5.

The same relisgbility cheeks applied in reference 2 are used 1n this
report, that is, comparisons between integrated weight flows at the
various measuring statlons and inlet orifice weight flow, and comparisons
between momentum and tempersture-rise efficiencles. The following re-
sults are presented ss checks on the relisbility of the data:

(1) For the speeds Investigated, the variation between integrated
weight flows at any station and that given by the thin-plate orifice was
less than 3 percent.

(2) Mass-averaged momentum efficiencies were grester than the mass-
averaged temperasture-rise efficiencies by approximetely 2 percent or less
for a tip speed of 600 feet per second and by 3 to 6 percent at tip speeds
of 1000 and 1100 feet per second.

Procedure

The procedure and conditions observed in conducting these tests
followed that outlined in reference 1 for the over-all performance and
in reference 2 for the survey, or blade-element, performasnce with one
minor exception. For the runs at 110 percent of design speed, refriger-
ated eir was used in order to reduce the actual rotor speed required for
the given corrected speed. The average inlet total temperature for these
runs varied between 33° and 38° F.
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Computations

The presentation of-data and the performance parameters used are
identical to those given In reference 2. The equetions used in computing
the stage and blade-element performance are presented in the appendix and
defined more completely in reference 2.

ROTOR PERFORMANCE

3200

Performance characteristics for this rotor when operating with low-
turning stators at tilp speeds of 800 and 1000 feet per second were pre-
sented In reference 2. The present discussion presents addltlonal de-
talled data at 600 and 1100 feet per second as well as corroborating data
at the design speed of 1000 feet per second. The measurements of rotor
performance at design speed were in agreement with the data of refer-
ence 2.

Inlet Conditions

Preliminary surveys of the inlet section indicated that the air
entering the rotor row had no prewhirl; and, since no guide vanes were
used, the rotor asbsclute inlet velocity was considered to be exial in
direction for all inlet calculations. Figure 6 shows the measured radial
variation of inlet absolute Mach number plotied as a ratic of Mach number
to mean-radius Mach nmumber. The three weight flows presented represent
& point of high weight flow, one near pesk efficiency, and a polnt of low
weight flow on each of the constant speed curves. In general, the gradient
shows little varlation with elther speed or weight flow. The radial varia-
tion of relatlve alr inlet angle over a range of tip speed and weight
flow is shown in figure 7. Blade angles are included in figure 7 to per-
mit an evaluation of the radial veriation of incidence engle at the varlous
speeds.

Blade-Element Characterlistics

The significance and origin of the varlous perameters used in the
analysis of rotor-blade-element performence and the use of these param-
eters are dlscussed in reference 2. The varistion of significant rotor-
blade-element characteristics with incidence angle is presented for the
five principal redial positlons in figure 8 for tip speeds of 600, 1000,
and 1100 feet per second. The two end points were gbout 16 percent of
the passage height (0.455 in.) away from the end walls and were outside
the wall boundary-layer reglons. A summery of the geometry of each
rotor-blade element at these survey positions is presented in teble I.
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Relative total-pressure-loss coefficient. - The variations of rela-
tive total-pressure-loss coefficient (eq. (A4)) with incidence angle
shown in figure 8 are typical of airfoil sections in general (e.g., ref.
5). The loss trends which were reported in reference 2 are accented at
the additional compressor tip speed of 1100 feet per second. At the tip
section, for the higher tip speed (and conseguently higher relative in-
let Mach number), there is a marked decrease in low-loss range of inci-
dence angle, primarily on the low-incidence side, and en increaese in the
megnitude of the minimum loss coefficlent. In general, these same trends
are cerried out at each of the sections; however, they are most pronounced
at the tip region. With the continual decrease in the low-loss range of
incidence angle with increasing Mach number, the determination of the
design (minimum-loss) incidence angle requires greater accuracy as the
deslgn Mach number is increased.

In the presence of high inlet Mach numbers, en lincrease in the
general loss-coefficient level with an increase in Mach nmumber (or com-
pressor tip speed) may be caused by both an increase in blade loading
and by formation of shock waves on the blade surfaces. The relative
effects of the increase in loss coefficlent due to each factor can be
roughly eveluated by means of the diffusion factor of reference 6, as
explained in reference 2. Figure 9 presents & plot of relative total-
pressure-~-loss coefficient against diffusion factor for all radial posi-
tlions. Data for the correlation were obtained from points in the low-
loss range of incidence angle in Ffigure 8. Radial position 3 at a
radius of 8.300 inches (fig. 9(2)) is &lso included here since its
radial locaetion (11 percent of blade height from the outer wall) permits
a comperison with the tip-region date collected in reference 6 (10 to
12 percent of passage height from outer wall). The range of loss-
coefficient-~against-diffusion~factor data for rotors operating below
their limiting Mach numbers (start of strong shock losses) presented 1n
reference 6 1s shown py the deshed lines in figure 9(a). The solid
symbols in figure 9(&) represent the data points obtained from the seme
rotor in the low-loss range of incldence angle at a tlip speed of
1000 feet per second as reported in reference 2.

From the correlation of figure 9(&), it appears thet the lincrease
in the minimum-loss coefficient at a tip speed of 1100 feet per sgecond
can still be attributed to an increase in blade loading (as measured by
the diffusion factor) and to associated end losses for tip-region rela-
tive inlet Mach numbers up to gbout 1.15, For the remainder of the blade,
essentially no trend of variation of loss coefficient with diffusion
factor 1ls observed over the renge of diffusion factor encountered, which
is characteristic of the variations obteined for blade sections in two-
dimensional cascade flow. The increased level of loss IiIn the hub region
at all speeds (fig. 9(f)) is probably an indication of the hub-region
end losses. :
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Devigtion angle. ~ Although some spread of the data exlsts over the
speed range, flgure 8 shows & trend of Increasing deviation angle with
an increase in tip speed. The trend is especially notlceable at blade
elements near the hub and evident to a lesser degree mear the blade tip.
The variation of deviatlon angle with tip speed is more logically re-
lated to the change in the axlal-velocity ratio across the element than
to the changes 1n loss or relative inlet Mach number. Changes in devia-
tion angle with varistions in axial-velocity ratio have been demonstrated
in reference 7 and other unpublished data.

The radial variation of the slope of the curve of deviation angle

against incldence angle for Ut/ F = 600 feet per second is probebly due
to the effect of solidity as given by cascade potential-fiow considera-
tlons. This variation eppears to be masked at the higher speeds by the
effect of losses on the deviation angle.

At design speed, the higher values of deviation sngle at positicn 8
(near hub) in figure 8 compared wlth the values of reference 2 may be due
to the higher loss level at the radius and possibly to the difference in
hub curvature et the rotor outlet.

Turning angles may be computed from the incidence, deviation, and
blade-inlet and -outlet angles (teble I} from the relstion

6° =S - vy + 1 -8° (2)

Work coefficient. - The actual work coefficlent AE/UE (eq. (A8)),

e nondimensional tempersture-rise parameter used for correlating stage
performance over a renge of speed, is plotted ageinst incidence angle in
figure 8. For a glven incidence angle (or given flow coefficient)}, the
work coefficient does not vary with tip speed as long as geometrically
similar velocity triesngles are maintained. The condition of geometric
similarity 1s generally satisfied if the turning angles and the ratlio of
outlet to inlet axial velocity remeln constant over the speed range. For
the tip speeds investigeted, the data of figure 8 show a small decrease
in turning sngle and a substantial decrease in axial-velocity ratio across
the blade row as speed is Increased. The variastion in axial-velocity
ratic with tip speed 1s about the same &t 2ll rsdiasl positions, but the
decrease 1n turning angle is most pronounced at the hub. The decrease in
axial-velocity ratio is due to compressibllity effects on density at high
levels of pressure ratio.

Increases in work coefficient with tip speed are most pronounced in
the t1p region. As explained in reference Z, this result is due to the
effect of a higher value of relative outlet angle at the tip causing a
larger change in outlet tangential air velocity Vg, and therefore in work

3200
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input, for a given change in axial-velocity ratio. Near the hub sec~
tion the changes in deviation angle and axial-velocity retio have oppo-
site effects; and, furthermore, since the outlet relative angle is
smaller, the net effect on the work input 1is greatly reduced. Thus,
the variation in work coefficient with tip speed is considersbly re-
duced in the hub region. These results indlcate the criticel nature of
the flow in the rotor tip region, and careful conslderation should be
given in the design of tip-reglon blading and veloclty diagrams for
high-performence rotors.

Efficiency. ~ In equation (A7), rotor efficiency is shown to be a
function of the relative total-pressure-losg coefficlent, the energy in-
put, and the inlet relative Mach number. Consequently, variation with
tip speed of the magnltude of the efficlency of an element then depends
on the speciflc individual rates of increase of the varlous factors
involved.

In the tip region of the blade, although the relative inlet Mach
number and minimum relative total-pressure-loss coefficlent lncrease
markedly with Increasing tip speed, the work input is also increasing,
and the efficiency tends to be maintalined. The principal influencing
factor in the tip region for this rotor appears to be the varilation of
axiasl-velocity ratio which affects both the work coefficient and the
diffusion factor (and therefore the loss). For the range of tip speed
investigated, shock losses do not appear to be strong at peak efficiency.

In the central region of the blades, as revealed in figure 8(c),
the element efficlency tends to remain essentially constant with tip
speed, since the veristion with tip speed of both minimm relative total-
pressure-loss coefficlent and work coefficient is reduced compared with
the variation in the tip region. The increase in total work input as
speed is lncressed ls apparently sufficlent to overcome the effect on
efficiency of the increase in relstive Mach number (eqs. (A7) and (A8)).
At the hub, the efficiency variation is primarily a reflection of the
variation of the loss coefficient.

Outlet Conditions

Rotor-outlet conditions are presented in figure 10 as plots of
total-pressure ratlo, sbsolute and relative Mach number, gbsolute air-
flow angle, and efficlency agaeinst radius for three corrected weight-~
flow points at each tip speed of 600, 1000, and 1100 feet per second.

The increase in radial gradient of total-pressure ratio at the
higher speed levels 1s & result of the compounding effects of both the
magnitude of the wheel speed and the decrease in axial-velocity ratio
across the rotor (effect on work coefficient as discussed previously).

o S
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A pressure ratio of greater than 1.7 was attalned in the tip region at
1100 feet per second. The decrease in the radial gradlent of pressure
ratio for the high weight-flow point et a corrected rotor tip speed

Ut/4/§ of 1100 feet per second is a reflectlon of the sensitlvity of

the tip-region pressure ratio to changes in efficiency and axial-
velocity ratio at high levels of tip speed (figs. 8(a) and (b)).

Over the main portion of flow, the radial gradients of outlet abso-
lute angle and absolute and relative Mach number show little varlation
with tip speed and weilght flow over the ranges Investigated. The radial
variations of efflclency clearly indicate the importance of the tip-
region efficlency at the higher tip speeds.

Examination of the radial distribution of weight flow for several
weight flows at the tip speed of 1100 feet per second (fig. 11), as was
done in reference 2, revealed essentially no change In the distribution
of the welght flow across the rotor, except for a slight shift toward
the center to compensate for the area reduction due to wall boundary-
layer growth across the rotor., Approximately half of the rotor-blade
span was operaeting with relative inlet Mach numbers of 1.0 and grester
for these rums.

Averaged Performance

Pressure ratlo and efficlency. -~ Mass-averaged rotor pressure ratio
(eq. (A3)) and mass-averaged rotor temperature-rise efficiency (eq. (A2))
are shown in figure 12 plotted egainst corrected weilght flow per unit,
frontal area. A peek efflciency of about 0.92 and a pesk pressure ratio
of sbout 1.5 at deslgn speed (U./4/® = 1000 ft/sec) are indicated. For

Uf/«/g = 1100 feet per second, at which the inlet relative Mach number

at the tip varied between approximately 1.19 and 1.14, peak efficlency
wasg approximately 0.805 at a pressure ratio of 1.60 and a specific weight
flow of 29.7 pounds per second per square foot. Peak pressure ratlio ob-
tained was 1.65. The continued reduction in range of operatlon as 1inlet
Mach number is increased 1s apparent.

Wall boundary-layer blockage factor. ~ The well boundary-layer
blockage factor K 18 defined as the ratio of the actual welght flow
to the l1ldeal welight flow that would exist in the annulus if the Free-stream
conditions continued out to the walls. Mumerical integration was used to
compute the actuel and i1deal welght flows.

At station 2 (upstream of the rotor}, the blockage factor K, var-

ied with weight flow between values of 0,985 and 0.990 (ref. 2). At
station 4 (downstream with the rotor), the blockage factor K4 variled

wilth speed as well as with welght flow according to the followlng table:

QE—
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u./ #E, WA/B/eA,, K,
ft/sec 1b/(sec)(sq £t)
600 15.74 0.940
600 18,18 .950
600 23,37 .958
1000 25,15 . 940
1000 27.37 .944
1000 29.14 . 956
1100 27.52 . 940
1100 29.18 .944
1100 30.14 <935

STATCR PERFORMANCE

The discussion of stator performesnce is presented in the same
manner as the rotor performance. Stator-inlet conditions are taken
from the measured rotor-outlet conditions at station 4. Two additionsl
tip speeds of 800 and 900 feet per second are reported for the stator
investigations.

Blede~-FElement Characteristics

Blade-element performance is presented at five major radial survey
positions equally spaced across the stator-outlet passage. Filgures
13(a) to (c) present the basic blade-element cheracteristics of the
stator-blade row. A summary of the stator-blade geometry at the radial
positions reported is presented in teble II.

Total-pressure-loss coefficient. -~ The stator loss coefficlent is
defined (eq. (AS)) as the ratio of the difference between the stator
free-stream outlet total pressure and the average ocutlet total pressure
to the difference of the total and statlic pressures at the stator inlet.
The average outlet totael pressure was obtained from an ares average of
the plotted circumferential variation of outlet total pressure. Inas-
much as the measured free-stream total pressures on the pressure and
suctlon sides of the wake were not generally identical, the free-stream
value of total pressure used in the calculation was established as an
average of all pressure readings in the free stream on both sides of the
wake. An example of a clrcumferentiasl varlation of total pressure as
measured by the wake rake is shown in figure 14. The magnitudes of the
computed values of the loss coefficient are not considered precisely
accurate because of the general difficulty of establishing a valid value
of the free-stream totel pressure. In some cases, particularly at 1100
feet per second, a significant cilrcumferential variation of total pres-
sure was measured in the so-called free-stream flow.
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At the lower tip speeds of 600 and 800 feet per second (which
corresponds to a variation of stator-inlet Mach number from about 0.40
to 0.60), the tip speed had little effect on the form or magnitude of
the loss-~coefficient varietion with incidence angle. At the higher tip
speeds (1000 and 1100 ft/sec) the stator setting was such that within
the range of operation of the rotor the region of minimum stator loss
could not be determined. However, velues cobtained on the positive in-
cidence side of the minimum-loss point did not evidence any apprecigblie
verietion of loss coefficient with inereasing Mach number. This is
reasonable, since cascade results for thils blade shape (at lower cam-
ber) show little variation of loss coefficilent with Mach number on the
positive incidence side, The range of stator operation is approximately
the same as the range for the low-turning circular-src stator blades at
the tip speeds of 800 and 1000 feet per second reported in reference 2.

Except for the hub and tip positions, a minimum value of stator-
loss coefficient of ebout 0.02 is obtained., This 1s consistent with
cascade results for a lower-camber blade (ref. 5) and with the measured
values of inlet Mach number end diffusion factor at minimum loss (ref. 6).

The minimum-loss (design) incidence angle appears to be between
about -1° end ~-4° from hub to tip. In reference 2, the incidence angle
for e double cilrculsr-arc blade of 20° camber (same inlet conditions
and sbout same solidity) was found to be about zero. The reduction in
design incidence observed for the 52° camber blade is entirely reason-
able, since cascade data and potentlal theory indicate that design in-
cidence angle decreases with increasing camber (e.g., see ref. 8).

Because of the large difference between actual minimum-loss inci-
dence angle and the original design setting (incidence angle of +4°),
the stators were not very well maetched with the rotor at peak rotor
efficiency for design tip speed of 1000 feet per second. The measured
over-all efficiency 1s therefore not a true indication of the best effi-
clency potential of the stege. Unfortunately, time d4id not permit a
resetting of the stators. However, an estimaste of the stage performance
with properly set stators can be made from the loss curves of figuwre 13.
If the blades had operated at the minimum-loss inclidence angle at all
sections (resetting the blades to sn incidence angle of -2° would approxi-
mately accomplish this), then the average stator-loss coefficient at the
rotor pesk efficiency point would have been reduced from about 0.10 to
0.053. This reductlon in loss coefficient would have resulted in an in-
crease of 0.02 in stage efficiency and 0.013 in total-pressure ratilo.

Deviation angle. - As in reference 2, angle messurements at the
stator outlet were taken at only one circumferential position, approxi-
mately midway between two blades. In the tip region (fig. 13(a)), =
rather pronounced lncrease in deviation angle with incidence angle is
observed. The increase in deviation angle with incidence angle
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(as well as the aversasge magnitude of the deviation angle) then becomes
progressively smaller toward the hub of the stator where a reverse
trend is indicated. No plausible explanation cen be advanced for this
variation. Although a decrease in the slope of deviation angle against
incidence angle is expected as solidity i1s increased in potential flow,
the higher level and the degree of change of solidity from tip to hub
of the stator mske this solidity effect negligible. Furthermore, there
are no large differences in the form of the loss curves from tip to hub.
The observed deviation-angle trend with radius may therefore be caused
by some secondary-flow effects or by the inability of the single angle
reading to accurately represent the average flow direction over the en-
tire range of flow conditions. The influence of the losses on the
deviation-angle variation is expected to be greater for the stator than
for the rotor because of the greater variation In the magnitude of the
stator-loss coefficient over the range of incidence angle investigated.

Inasmuch as the stators were designed with cireular-arc mean-line
sections, & comparilson was made between the measured deviatlon angles
and those computed from Certer's rule for circulsr-src elements (ref.
9) given by

8° = moy/1/a (3)

where m is a varlable depending on blade-chord angle (curve of m
values is given in ref. 9). For the three central survey positions in
figure 13 (positions 5, 6, and 7), Carter's rule shows good agreement
with measured values in the minimum-loss range of incidence angle (-1°
to -4°), Near the tip, the deviation rule seems to predict angles too
low, while near the hub, calculated deviation angles are too high. It
should also be noted that good agreement between observed deviation
angles gt minimum-loss incidence angle and Carter 8 rule in the central
portion 'of the blade was alsc found for the 20°-cember circular-er

stators in reference 2.

Outlet Conditions

Figure 15 contains several exasmples of the radial varistion of
stator-outlet Mach number and air angle for tip speeds of 600, 1000,
end 1100 feet per second. The angle measurements were taken from s
single probe locasted midway between two blades, Mach numbers were com-
puted from radially faired static-pressure readings of a single probe
surveying the midpassage position between two blades and the circum-
ferentislly asveraged tobal-pressure data.

The general overturning of the flow at the stator outlet resulting

from the overcambered blade is indlcated by the negative angle values.
The radiel veriatlon of turning engle 1s a reflection of the large
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radial variation of deviation angle. The general increase in the radial
gradient of outlet Mach number. at the higher tip speeds 1s a result
primarily of the increase of the radial gradient of total energy.

Weight-flow blockage factors at the stator outlet Kg varied with
speed and welght flow according to the following table:

Uf/x/§, VIV@/EAf, K
ft/sec 1b/ (sec)(sq ft)
600 . 15.74 0.947
600 18.18 .939
600 23.37 .932
1000 ~ 25.15 .956
1000 27.37 .947
1000 29.14 . 943
1100 . 27.52 .955
1100 "~ 29,18 .949
1100 . 30,14 .947

STAGE PERFORMANCE

The over-all performance of the stage was determined primarily from
area-averaged total-pressure and total-temperature datas obtained from
the fixed probes located downstream of the stator at station 6. The use
of the fixed probes permitted the rapid determination of stage per-
formance over wider ranges of weight flow and tlp speed than was covered
by the surveys. Masg-averaged stage performance was also cbtained from
the mass-averaged conditions determined from the surveys at the stator
outlet (station 5). Inasmuch as no tempersature probes were installed
at station 5, temperature data for the mass averages were obtained from
faired radiel verietions of total tempereture measured by the five-tip
rakes at station 6.

Area~ and mass-aversged stage efficlency and pressure ratio are
plotted against corrected weight flow per square foot of frontal ares
in figure 16 over s wide range of tip speed. For comparison and to give
some 1dea of the drop in effilciency across the stators, the mass-
averaged rotor-performanceé characteristics are also included in the fig-
ure for tip speeds of EQQ0, 1000, and 1100 feet per second. The good
correlation of the stage performance obtalned from the two methods indi-
cates the satilsfactory nature of the fixed-probe system.for measuring
over-all performance. .
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At design speed, a peak stage efficlency of 88.5 percent was re-
corded at a corrected specific weight flow of 27.8 pounds per second
per square foot of frontal area and a pressure ratio of 1.47. These
values occurred at approximately the peak efficiency point of the rotor
also. Peak pressure was 1l.47 at a corrected specific weight flow of
26.2 pounds per second per square foot.

For the 10 percent overspeed runs (1100 ft/sec), a peak efficiency
of 85.8 percent was sttained at a pressure ratio of 1.57 and a corrected
specific weight flow of 29.5 pounds per second per square foot. Peak
pressure ratlo recorded at this tip speed of 1100 feet per second was
1.58 st a corrected specific weight flow of 28.4 pounds per second per
square foot of frontal area and an efficiency of 0.845.

As discussed in the section Total-pressure-loss coefficlent for
the stator blades, if, at the peak efficlency point of design speed,
the stator blades had been set at their minimum-loss incidence angles
at all sections, geins of sbout 0.02 in efficlency and 0.013 in tofal-
pressure ratio could have been realized. This setting would have raised
the stage pesk efficiency to approximately 0.90 and stage total-pressure
ratio to 1.48. Both these stage performance characteristics compare
very favorably with those reported in reference 2 for the same rotor
with low-turning stator blades.

In order to generalize the stage performence, the over -all stage
work input was computed in the dimensionless form AH/ t which, to-

gether with stage over-all efficlency, is plotted agsinst the mean-radlus
rotor-inlet flow coefficient (Vz,3/U3)m in figure 17 for the range cov-

ered by the survey tests. As was noted for the rotor-blade element (es-
peclally at the tip), the ares-averaged work coefficient increases with
tip speed.

SUMMARY OF RESULTS

The following results were obtained from the experimentel investi-
gation of a transonic compressor stage composed of the transonic rotor
of a previous report and a set of axisl-discharge high-turning stators
operating over a range of tip speed:

Analysis of the rotor performance indicated that:

1. Operation of the rotor at a tip speed of 1100 feet per second,
for which the inlet relative Mach number at the tip variled between
approximately 1.19 and 1.14, showed an increase in average pressure
retio to 1.80 at peak efficiency and a decrease in average peak rotor
efficlency to 0.905 over those values obtained at design speed.
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2. Blade-element analysis indicated that at the minimum-loss Iinci-
dence angle for the tests at a tip speed of 1100 feet per second, the
obgerved increase in the magnitude of the minimum loss in the tip re~
glon can be attributed to the effects of Increased blade loading.
Shock losses appear to be small.

Anglysis of the stastor-blade-row performance indiceted thet:

1., Total-pressure=-loss characteristics were generally simllar to
those of similarly sheped stator blades of lower camber reported pre-
viously gdiffusion fectors and inlet Mach mumbers were approximately
the same

2., Except at the hub and tlp regions, Certer's rule showed good
agreement with measured deviation angles at the minimm-loss incidence
angles.,

3, Incidence angle for minimum stator loss was about -1° to -4°,
The stator blades were not set at the best incldence angle for opera-~
tion with the rotor at peak rotor efficiency.

Analysis of the complete stage indicated that:

1. At design speed (corrected rotor tip speed of 1000 fi/sec), a
peak mass-averaged efficiency of 0.885 was attained at a corrected
specific welight flow of 27.8 pounds per second per square foot of fron-
tal aree and a mass-aversged total-pressure ratio of 1.47.

2. If the stator-blade elements hed been set at a minimum-loss
incidence angle at rotor peak efficiency (a negative reset of 6° would
approximately have accomplished this), a calculated increase in stage
efficiency of 0.02 and 1n stage total-pressure ratio of 0.013 would

have ocecurred. Thus, the performasnce characteristics at peak efficlency

for design speed (corrected rotor tip speed of 1000 ft/sec) for this
stage would have been very close to those observed for this same rotor
with a set of similarly sheped low-turning stator blades previously
reported.

Lewls Flight Propulsion Leboratory
Nationel Advisory Committee for Aeronautics
Cleveland, Chio, March 24, 1954
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APPENDIX - PERFCRMANCE EQUATTIORS

Al]l the equations used in this report are listed here. These equa~
tions are developed and discussed 1n the included references.

1, Blade-element temperature-rise efficiency. By assuming that

P:5 = Pl and TS = Tl’

— T (A1)

2. Mass-averaged temperature-rise effilclency

t,4 r-1
P\ T
1, PaVz,4%ef\By) ~ %
h,4 (42)
Tt,4

PeVy, 4r4(Ty - T1) dry
rh,4

3. Mass-averaged total-pressure ratio

J_
4 Tt,4 -1 \r-I
B\ T
4
(ﬁ;) il AP
P
4 4
= =< b, + 1.0# (a3)
1 t,4
AP
.
" h,4 J

4. Rotor relative total-pressure~loss coefficient (ref. 6)

-

: -1

1 (Fa)%) T
P T3 (a4)
Ad
-
-1

l-<l+%‘lM3"2) |

®p = (PifPé)id x
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where (Pi[Pé)id was taken equal to 1 for all computations used herein,
5., Stator weke total-pressure-loss coefficient (ref. 6)
Eé = (PS,f = PS,aV)/(P4 - p4) (85)

6. Ares-averasged stage efficlency

n=1
n=T,|% (A8)

where Ty =Tg and n refers to the readings et the centers of the five
equal areas et which the Instruments were placed.

7. Rotor blade-element efficiency in terms of loss coefficlent
(ref. 2)

-
. ¥
T —1
T—41.0-<n310-10+1—143) -1
8, Work coefficient (ref. 2}
Ty - Ty
2 SJCPT“( Ty )
' (uy/ A/5)2

or, in terms of the physical constants used for this investigation,
T, -
3.1455 (L_El) 106
Ty

(u,/ ¥B)*

(48)

ABJUZ = .
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TABLE I. - ROTOR-BLAUE-ELEMENT GEOMETRY

Redial Redius, in. Solidity, | Blade inlet | Blade outlet
position | Inlet, | Outlet, o angle, vg, | angle, vg,
r3 T4 j deg deg
4 7.969 | 8.098 1.32 53.5 30.9
5 7.257 | 7.515 1.41 51.2 26.9
6 6.546 | 6.933 1.525 48.5 21.8
7 5.834 | 6.350 1.65 45.7 15.4
8 5.123 | 5.768 1.80 42.6 7.8

TABLE IT. - STATOR-BLADE-ELEMENT GEOMETRY

Radisl Redius, in. Solidity, | Blade in%et Blade ouglet
position | Inlet, | Outlet, o angle, v, angle, yg,
Ty Ts deg deg

3 8.098 | 8.225 1.18 36.0 a_16.0

5 7.515 | 7.770 1.29

6 6.933 | 7.315 1.39

7 6.350 | 6.880 1.49

9 5.768 | 6.405 1.59 ! v

aNega:bive angles Indicate angles past exial direction.
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Figure 5. = Total-pressure rake for messuring losd in stators.



Rotor-inlet absolute Mach number
Rotor-inlet meesn-radius sbsolute Mach number’ Mz n
b ]

AV NACA RM E54C26

1.1 — : — : '
WA/B/BAe, Mz m -
1b -
- T{sec)(sq £t) “J;":;’—
o 30.32 0.620 ~
1.0rpm 29.18 .580
& 27.52 524 /
7
.9 >

(a) Corrected rotor tip speed, 1100 feet per second.
1.
T ! l

(o] 29.14 0.580 -
o 27.37 .523 -
& 25.15 449 . Vw?
1.0 7F |
L= ZAssumed design
- 41,J9’ varlation
——
’/
.9 z
(b) Corrected rotor tip speed, 1000 feet per second.
o 23,37 0.421
o 18.18 . 308
B 15.74 .260 . -
© Pﬁ --=
l.o
el
’ﬂ
9 Hub Tip
e 5 6 7 8 9

Reddius, rz, in.
(¢) Corrected rotor tip speed, 600 feet per second.

Figure 6. - Radlal varistion of rotor-inlet absolute Mach
number (station 3).

ooegge



3200

NACA RM E54C26 G
65 . -
WIJ—GZ:EA‘fJ
60 (sec)(sq Tt) /C”
o 30.32 o1 --
55 o 29.18 = S = e
.52 L
Bl
50 - ID’,/
- ’o//y_, ] Blade mean~line
45 = ] L angle, 7%
-
»
7 l
(a) Corrected rotor +ip speed, 1100 feet per second.
¥ 65
< I |
- o o 29.14 P
6 x] 27.37 —
Py & 25.15 v/,w4’ -
? 55 n//m g
e | = =
[N L/‘ g/
g 50 -~ T == |
™ -
5
bE T n//°1, qlaﬂ.e mean-11ine
- /
% 45 'n’/// a'nsle’ 72
1 2] - / - “1 \_
) / L~ Design inlet-alr angle
.ﬁ 40 / 1 I 1 1
'E {(b) Corrected rotor tip speed, 1000 feet per second.
]
£ 65
5 - B
© 23,37 L
80! =] 18.18
¢ 15.74 <’//“" -
55 u/ —
50 "" AT / -
ol / ~
'D/ A /c
-~ /’ - /o/
45 —= rou \-
- _—" Blede mean-line
20 / B /o’ angle, 7§
- T
/’
Hub Tip
354: 5 6 7 8

Radius, rzy in.

(e¢) Corrected rotor tip speed, 600 feet per second.

Figure 7. - Radisl veriation of rotor-iniet relstive angles

(station 3).

29



NACA RM E54C26

30

3200

T 1 2
4 M 888-
\ 1._\U ﬁ.Wu._, UW 116!. ln_/Jr./ o
ond 6
W..M. ﬁfwm \ ww,w/
8]
1% i, DAl
N o o\“\ﬁ
/ 9
g 3
° 2 2 o < 9 ° 3 ] 8 o
u ﬁm”.pﬂdﬂoﬂhuooo
fLOURTOTIIP OTIOQEIDY Yy ca0q087 vOTENIITQ 200 T~aanggoad~-18903 SATYRTOY
{w]
] | r - A
B , b |
VL b\ il g )
fn)
KA o g1 | |
R 1+ o
Bl T 2\ ]
] 3 i )
A\ U ]
Iw 1w n.w .D. A. m W o nm aw 4.£_u
A n.nbvw.nb wc\r< 3sp ) i xoqumu

‘orrer £1700T9A-TUTXV

“JUSTOTII000 FIOM

.oo ‘973U UoTAVTAS(Q

UOBN BAT3BISI 3aTUL

Incidence angle, 1, deg

(a) Position 4; radiua, 8.098 inches (near tip).

- Rotor-blade-element characteristics.

Figure 8.



3L

NACA RM E54C26

3
q/ 4 \
g iR b
w‘ / Q ©w
: \ o\ |
(] q Nﬁ
. q ./ )
> & 888 | ¢ " .
m ums ir} % /
| b
ondq hf/ —
\ ) '
/a
[+
) ) ) o « [ [=) [ @ ol
- ' L ' : " S
u Yp ¢uerorzzeco
FROUPTOTIJO 0TIVARTPY Yy ‘20498F UOTENIITA -ﬂmeomH”Hmm
2
4 A 9 g
L 3\ i
\ H 18 .
\
\ L8 al : )
mmv_. ‘/ o _u_m zy % _w_
Q\u © = ~
g u AA u/ i \
) w
/ N
i \ _
° y
9 2] CII 3 S e 8 @ 7
] — i
212012 /v B

‘oT18a £9T00ToA-TRTYY

002¢

‘AURTOTIJO0D Haop

‘08 ‘aT3uw uoTiwTARQ

Incidence angle, 1, deg

(b) Position S; radius, 7.515 inches.

Rotor-blade-element charscterlstics.

PFigure 8. - Continued.



NACA RM ES4C26

32

18-

10

-8

: 10
Incidence angle, 1, deg

-2

q
/ [m]
§
/w i
M,w 888 = ﬁody :
@ ol )&
33 \ I°
ond /
N ;
m o 0w w it - m M. °
u Yo ‘queTo1JJo00
¢LOUBTOTIIR Teot-vangsaad
°738qBTOY Yg ‘a0q0my uoTsnIITa ~Tv30% PATIBION
| . ol
| , 4 ||
\ B b | |
(w}
Ao i 3 ]
[u] o |
0\0
|
s Q ® © - a9 i ~ Q © o
n.u>\¢.n> wp\.mz Bap fn fasqunu

‘otaed RQTO0TIA-TBTXY

fJUITOTIF00 HIOR

09 ‘e1%uR UOTANTASQ

UOWN SATITEX 49TUT

-8

(o) Position &; radius, 6.933 inches {mean radius).

Rotor-blade-element charaoteristics.

- Continued.

Flgure 8.



33

NACA RM ES4C26

T 1 i
$§ age- :
o .fA// 5t omZJ W,.Mmfc
o _ N
: £ 1% |
N 7
A = /
\ \ /
- . Yy ﬁ:mﬂﬁtso
{4 ‘foustoTyye OTIRAUIPY Hg ‘x0%0us UOTINIITA -mﬂmwmo%ﬂuﬂmx .
A/ M : +.n A ] w .
y e - ,wn nm : m& X
W% / WO i m:
| i
] ! L

nam O- Sw ~ o m L] ~ N 0 -
—

~ - ~

1 AETV, ALY 3n/mv ‘aueto Fop i “zoqunu
‘o730 £9TO0TOA-TWTXY  ~TJJ900 MJIoM ‘g0 ‘oTIUR WOTINTASQ UOBH SATIRTE J9TUL

0028 G-T0

Rotor-blade-element characteristics.

Incidence angle, 1, deg
(d) Position 7; radius, 6§.350 inches.

Figure 8, - Contlinued.



NACA RM ES4CZ26

34

3200

[ 1 o
> [
[
ANEEE T :
2 AR \ Y
* y%\ on0d / .DQI ;
o) ™
Gl o)
b\
4/ \
\ A T 1T
N
/AH A\
o =] -] ~ w0 - N m o L‘.
p ' ' * * ) " H - 2
g Uy “queTOTII300
9S0T-2aNIL,
U ‘£ousToTIFe OTHRARTOV ‘x0308F UOTSNIITA uiuwu ATIION
&
1 1% il R
o [+ ]
[ D
O q
T § ik
o1 Y (o] -
/In o k \
|
o
4 4 <
o o) ® W N a ©w O © wy
. " . . . — p=1 . . .
- — —
R ViV ‘queTo 3sp fu_ ‘zoquuu
fo118a £9700T9A-TBIXY  -~TJJ@00 HIOM 09 ‘aTfus uoT1vTAN] YOBH SATHRIAXL FBTUY

Incidence angle, 1, deg
(e) Position 8; radius, 5.768 inches (near hub).

Rotor-blade-element characteristics.

Figure 8. - Concludaed.



3200

CIL-5 back

NACA RM E54C26 L 35

.3 ! I J 7 ! !
y
| -, U/ W5,
L Range of data re- . .2 £t/sec
ported in ref., 8 > o 1lio0
for rotW /' o 1000
.2 — Tregicon a Do A 6800
/
lgs _/{O ./ 1 &
o /7 CL'EI_i d .
£ L/ ¥ S~
o / B 7
B S 7 7
8 4 1 4
§ 1 y; a |a
~ o
a A L (b) Position 4; rotor-outlet
S a 1 redius, 8.098 inches.
1 o .1
g (a) Position 3; rotor-outlet radius,
a 8.300 inches,
§‘ a1
1 A A lo
fa]
] o0
S o (d) Position 8; rotor-outlet
e A A radius, 6.933 inches.
B 0 .15
a (e) Position 5; rotor-outlet radius,
2 7.515 inches, o
.l .lo Q % [m] = )%
ui
Al 4 S .05
0o 0
2 .4 ] .8 .2 4 .5

Diffusion factor, Iy

(e) Position 7; rotor-outlet radius, (f) Positicn 8; rotor-outlet
6.350 inches, radius, 5,768 inches,

Figure 9. = Varlation of rotor-blade-~element losses with diffusion
factor in low-loss range of incldence angle. (Solid symbols are
data obtained for same rotor reported in ref. 2.)



36

Relative Mach number, H;

Absolute Mach

number, H4

Absolute air-flow angle, f,, deg

NACA RM ES4C28

' Radius, ry» in.

(a)} Corrected rotor tip speed, 600 feet per second.

Figure 10. - Redial.variation of rctor-outlet conditions.

.8
° _ N n
W~/B/BAp,
M/OT/O ib te
Tagiin {sec){sq IEt)
4 — /{J/%{:b 8 22.37
P o S 18
& A
.2 o
.5
Q00— —
- ;};}---ﬂ}-::j%—:::f%:::‘2;%%%#;
.2 1.0
s = N -
P: (L d
5 e |
sol | o e ]
SSS ©
] g .6 -
\0. 3
40 g -
tLD~\,_l >\ ) .
. ““-~.{j . . -
30 \CJ\ / 1.2
QL(;CLN 5&7 E?E;:::EF m::::;;—» NG
\O~ ? E} @ b
20 & 1.1 B =
— oy S [ [ 9
~oA | | 3
ok
Hub Tip Hub Tip
10 — S ) . 1.0 < - 5 5



3200

NACA RM E54C26

number, M, . Relative Mach number, M4'

Absolute Mach

Absolute air-flow angle, f,, deg

.8
0T
——1O0Q Wn/B/Bhp,
i g 1b
6 /13/, isecizaq fti
. — — b
oo s =y
—y < 25.15
o
= 10 _ ,
P
; & = N
® : N
Lal
.8 4 .. %
s R°
o
fBs= _—p—F%,| | i
.5 x 2 — T s
1.8
-4 — p=
60 § 1.5 5
.‘-’: /‘}’-
{ e Vs
sol-{% < :14. ] E’
g P
0, iy
40 \D\nﬁ 8 13 )
O] & .
B
Hub Tip Hub Tip
30 - 1.2 - 1
5 6 7 8 9 5 6 T a

Radius, r,, in.

(b) Corrected rotor tip speed, 1000 feet per second.

Figure 10. - Conftlnued. Radiel varietion of rotor-ocutlet conditions.

37



38

Absolute Mach

number, H4

NACA RM E54C26

1.0

.8

.8

4

Relative Mach number, Hé

.2

.8

.6

o4

60

50

40

Absolute air-flow angle, Bys deg

20

P e
—o I 1.0
e - /;,/_ - | i -y N
[ ® 5 %
! 2oL AS
g ‘L w\{:/ur, \
s - {sec)(sg )
g s 30.32 \
o s o
O'O—‘O-‘Q “ ' ' '
Eg@:g:fﬁ?cyu & e
-
1.7 ):)// H
1.6 //
s )
8 jf’ S e [
R, A7 f S
u( b ey J}/sv / 5 |!?x:a-o-—-"'”’c \
— S ? 1.4
q 1 5
Oy ] < A
\o\o\j[ 8 1.3 l
Hub Tip - Hub Tip
] 7 8 9 ‘s § 7 8

Radius, v, in.
(¢) Corrected rotor tip speed, 1100 feet per second.

Figure 10. - Concluded. Radial varilation of rotor-outlet conditions.

002¢



3200

NACA RM B54C26

0

\

o -
=

AT
=l

(%]

- O Station

N

stream of

rotor)
D Stetion
outlet

| L]

2 (up—

g. (rotor

(4]

30.14 1b/(sec){sq £t).

(a) Corrected s seciﬁ.c weight flow,

el

Pt

1 (b) Corrected specific weight flow,

29.18 1b/(sec){sq £t).
4

/"D\D _

. — A Lo

L
2 7:,Il:l’,fO‘
1
(¢} []o] 80 100

20 40
Radial blade helght, percent

(e) Corrected s cific welght flow,

27.52 1b/(sec)(nq ft).

Figure 11. - Radial distribution of

corrected rotor tip speed of 1100

welght flow at
feet per second.

39



40

Adiasbatic efficlency, N

Total-pressure ratlo, P,/P;

. 3 NACA RM E54C26

.9 ’&\\\ —4] © Q
N\ %
fe)
.8l
1.7
U AT, - X
f£t/sec ’
1.6 _— -
o 1100 ‘i
O 1000 k
VAN 8600
1.5 \_hELI
l.4
1.3
l.2
B\
1.1 *Q\\\\“:s
1.0 :
14 18 22 26 30 34

Corrected specific welght flow, WA/8/64., 1b/(sec)(sq ft)

Figure 12. - Maas-averaged rotor-performance characteristics.

002%



24

58

Se ‘queTatrJaco

mn fT0q08F WOTENJJITA 80 T-oaneeead-18309 eXeM

NACA BM ES4C26 ORI

- T
5 1 - ) L

E ML ol D §
o iR & Bagh | [ L

SR O -

_ ran e |

4 1/ g/ \
1 LV N

L L ,
2 - T : d 3 G 2%
) Ty ‘aequnu Yowy 4HTUT qo._"n..nh.—.m“mm.hw.”»ldwﬂhq Bap 9 ‘eTRuw WOTIRTAST .
LN I~ -
i g,

; g

< 4 %v ©
B
$$ ssses e Ik
mme S . J//”//V S \\\\\

oOo¢r \\\\\ .
% _

Incidence angle, 1, deg

(a) Pogition 5; radius, 8,225 inches {near tip).

41

- Stator-blade-element characteristica.

Flgurse 135.



42

NACA RM E54C26

7
q m h Ll,.m )
3]
. &? 7 T
V1T | b
m u/ j
m -
A.A g 4 1_.w m m
e
5 g .« < | 3 = = 5 43 3 m
T cxoqunu uoow 2eTul ¥ 24/5 %a ‘oTimz S3TooTes-TETXY Fep ‘0 ‘eTFuw WIIFTANA m rm. m
SR
o i m
/Dm ..wm ﬁmb! = 5
% LV
AN ufM :
A/V/ m
N . . \ y o
3§ ggees N T
oG4 \\ .
A\\ 1
© C E [=] Z d M.

By raoi0wy wOTENIIIQ

-y
L

Ba fquetoiggeco
L0 T~0TINesIIE-TRIO) aXUN

002%



3200

CL-8 back

NACA RM E54C26

Diffusion factor, Dg

coefficlent, ag

Wake total-pressure~loss

43

| l =-a .8
» q
TS, 4 R,
fgsec 'é EQE
.8 O 1100 .6 [ Ol Fooc
3 0% E L0
Pt
X 800 e k‘\c
et -
“ ‘
Q -~ 1.5
[0} )
.2 aitel < H \\
by N
! y%/ .‘éi.i‘l& N\ v\
-
0 ‘/ gb‘: i -
.24 3 1.1
.16 N - 14 A
N of % | BB
L]
o B
o8 \ bt g%" 10 J::V{A
: [o] g9 A%, [
'z 0 fﬁ: o A————)V/“' Certer's rule
«
\ [w]5% ¢
o 5 & & o

-24

-18 -8 o] 8 -16 -8 (o} 8
Incidence angle, 1, deg

(c) Position 6; radius, 7.315 inchea (mean radius).
Figure 13. - Continued. Stator-blade-element characteristics.



44

Diffusion factor, Dg

ure-loss

Wake total-press

codfficlent, g

.UAST,
ft/nec
@] 1100
a 1000
.6 < 900
v 800
A 800
" ® g
<
.2 o
V&
A
o v
-.2
- 24
.16 ;£
a A
o
.08 \\\\
K\@E =
o]
-16 -8 [5) 8 16

PFigure 13. - Continuyed.

Axial-veloclty ratlo, Vg,5/Vz,4 Inlet Mach number, My

Deviation angle, 8°,

NACA RM E54C26

.8
et
EL\N\\\~-429
.8 \'L\ O\A%m
]
D S
4 hth“F‘"**-f "
.2
1.6
1.4 A-‘-{.\
A N
\4
bR
SR
1.0
14 Y T
‘Carter'a rule
[m]
o Pl | ofE
N
v v
6
-18 -8 3} 8 16

Incidence angle, 1, deg

(d4) Position 7; radius, 6.860 inches.

Stator-blade-element characteristios.

002¢



45

NACA RM E54C26

A

16

-16
Incldence angle, %, deg

16

-8

L _> 4 >D ")
L U T
il P | [T
4 A AN
dd [ -
K g m 3 > B
b =2
i -e
/ b/ < (PR
/ @
/ 7
/ | 13
q q4A 4 w
. @ ¥ v e - y 9 CI- © w
- — = ~
[ ‘ Fep
¥R ‘coqunu yowy geTur Y2y /S°2) ‘o19mx £3700TEA-TUTRY o9 ‘et3uw uorguTASq
] ___H/
ool b mm__..__(/.Wv/A_
0, o o o
S o . fe) il < o <DJN~
5 88888 G <+
$ 58888 y
= /
o4 4 b Aw
q
o - o ° 9 J 3 3 ©

002g

g ‘203083 worTeMIITQ

mn fAUITOTIIO00
gg0 T~eanusead-18309 UM

=16

(e} Positlon 9; radius, 5.405 inches {(near hub}.

Stator-blade-element cherscteristics.

Figure 13. - Concluded.



1.6

r Aversge free=-str
total-pressure level

eam

1035, Ps,f - P5

Wake defect total-pressure

yav

L

MM T

5-Q
1.5 }

~ IS |

[Ama-averagad stator-outlet

total pressure, PS,av

Total-pressure ratio, Pg/Py

1.4
\ f |
.y
Blade spacing -
1.3 j
1.2 g
0 4 .8 1.2 1.6 2.0 2.4 2.8

Flgure 14. - Circumferential variation of total-pressure ratio meaeured downstream of stators

(station 5, near tip).

Circumferential distence, in.

002z

3.2

or

920¥%SH WH VOVN




3200

NACA RM E54C28

Stator-outlet Mach number, Ms

Stator-outlet alr angle, 55’ deg

.8
£
/ W
. ™
[ W./67845, s
1b
{secj(sq Tt)
ju] 18.18
< 15.74
.5
e Y
4
l{r M/V N>
.3
10
0 A
Mzﬁﬁz=
s Wgﬁ&f—«ﬂ”‘ ’
=10
-20
Hub Tip
-30
5 8 7 8 9

Stator-outlet radius, rg, in.

(a) Corrected rotor tip speed, 600 feet per

second.

Figure 15. - Redisl
tions. (Negetive
direction.)

vaeriation of stator-ocutlet condi-
angles signify turning past axial

47



48

Btator-outlet Mach muber, Mg

Stator-outlet alr angle, Bs, deg

ol NACA RM E54C26

.8
7 Lo §
- >
Naad
. jf /yﬂ’“"\m
/n/
.
s q»é{ A
ey
5
4 ‘
10 .
&
, -
) 3/
/\7
=10
N
i Wﬁm
20 : 8w
<& 25.15
-0 sHub 7 8 Tips

Btator-outlet radius, rg, in,

(b) Corrected rotor tip speed, 1000 feet per
second.

Flgure 15. ~ Continued. Radial variation of stator- .

outlet conditions. (Negative angles signify turn-
ing past axial direction.)



3200

NACA RM E54C26

Btator-outlet Mach mmber, Mg

Btator-outlet air angle, fg, deg

\\ 4
P

N

ANEN
\i

10
0 /jfj»

-10 o /

[ i

!‘ sec)(sq £t

) ° 30.14
-20 =} 29.18

o 27.52

Hub Tip

-5 6 7 8 9

Stator-outlet radius, rg, in.

(c) Corrected rotor tip speed, 1100 feet per
second.

Figure 15. - Concluded. Redial variation of stator-

outlet conditions. (Negative angles signify turn-
ing past axial direction.)

capm——

49



05

1.5
_._..'.-- — ] [s] .
.9 N ~ b of © .9 ;_\;43-._\ vl -1\ -
- S < q O
& 9"'" \o \ O” A /o \ %‘6 )\Q l‘
g 4 N / 7 T i i 3
$ & P, Y p . / | !
o \ / | i
bl / \ ' I
oy P ‘
- ,' \ ‘ lr
33 it \l ‘,' . 1
Cl !f \ l
g ] - 1.7
O Rass-averaged » 1 1
sl pu:-rm:go- e 1 1
v i = —Qpgr-all ztAge per— 6 N
fornanse
_—-——-ll.uu;:m‘md rotor | 1.8
performance - - . X
N ik
.5 -
1.5 n 1.5 '\~ ‘
- “TP 0N
N v t |
F i
g 1.2 X 1.4 — L i
3 \ \ | |
a - 1] I’c\o‘ i - l
- - "-‘-.3-_5_. y :
by L/ "g\ / \Q\ Il !
27411 = 1. . i
£ "~ A ;
£ \
i i '
|
103 n M = o =™ an 1&g 2 26 = = 26 30 % )
Corraobed speaifls welght flow, W./B/BAs, mﬁ%m
{a)} Corrected rotar tip speed, 500 feet {p} Cooreotad rover tip {6} Correstad rotor Wip spead, {4} Corrected sotoy tip {e) Correctsd rotar tip
per zecond. :p-:a 800 fwst por faet par second. -:::a 1000 fest por :]::en:a 1100 feet per
aea . | ] - M

Fgrs 18, - Stage-perforsanss charsateriatios,

920%cE WY VOWN




NACA RM E54C26 L

1.0
-
;5:" -9 = o= =
[/]
2 o o % N
(o}
R A
a
] \
. \
-4t F I
o TtAP,
£5/sec

A
p4o OO0
8§88

.MR

74/

W N\,
g N
.36
g . N\
3 N\«
3
8
G
3]
g8 .= \\
od
=
2 \\
' .28 \\
N
.
'24.6 .7 .8 .9 1.0 1.1

v
Mean-radlius flow coefficlent, ¢ = _IZILS
3 /m

Figure 17. - Verilatlon of stage over-all adisbatic efficiency and
work coefficient with flow coefficient.

NACA-Langley - 6-28-54 - 350



ASAeducnl

o ﬂﬂl WH il lﬁ lll

76 0143




